Male calls of the katydid Neoconocephalus triops exhibit substantial developmental plasticity in two parameters: (i) calls of winter males are continuous and lack the verse structure of summer calls and (ii) at equal temperatures, summer males produce calls with a substantially higher pulse rate than winter males. We raised female N. triops under conditions that reliably induced either summer or winter phenotype and tested their preferences for the call parameters that differ between summer and winter males.
INTRODUCTION
Phenotypes are often strongly influenced by the environment during development. Identical genotypes may result in significantly different phenotypes depending on the environmental conditions ( West-Eberhard 2003) . The potential of such developmental (or phenotypic) plasticity has recently been recognized, as a mechanism for the evolution of novel traits (review in West-Eberhard 2003) . Furthermore, developmental plasticity may be crucial for living in variable environments (seasonal and nonseasonal; Cook & Johnson 1968; Shapiro 1976; Trussel & Smith 2000; Agrawal 2001 ) and may facilitate the spread of a species into new environments (Losos et al. 2000; Agrawal 2001; Yeh & Price 2004) .
One important function of acoustic communication in insects and anurans is to identify conspecific mates. Accordingly, call parameters used by the receiver to identify conspecific signals exhibit little within-male variation and between-male variation (Gerhardt 1991; Gerhardt & Huber 2002) . This situation is complicated by the temperature dependency of many call parameters (e.g. pulse rate), which increase or decrease in value with changing ambient temperatures. In case of temperaturedependent parameters used for species identification, the mean value changes with temperature, while variation at any given temperature remains small (Gerhardt & Huber 2002 ). Correct species identification is then assured by matching the temperature dependency of the receiver (call recognizer) to that of the sender throughout the relevant temperature range (Gerhardt 1978; Helversen & Helversen 1981; Doherty 1985) .
In the katydid Neoconocephalus triops (Orthoptera: Tettigoniidae), females identify and approach calling males for mating. In North America, this species occurs as two seasonally distinct generations, one in the summer and the other in the winter ( Whitesell 1974; Whitesell & Walker 1978) . In general, the offspring of one generation produce the next generation, so that both generations constitute one gene pool (Whitesell & Walker 1978) . For a detailed description of natural history of N. triops, see §2.
Male calls of N. triops are significantly influenced by the photoperiod experienced during juvenile development ( Whitesell & Walker 1978) . This developmental plasticity results in striking differences between the calls of the two generations. First, winter males produce continuous calls, whereas the calls of summer males are structured in verses ( Whitesell & Walker 1978; Greenfield 1990) . Second, at equal ambient temperature, the average double-pulse rate in calls of summer males was more than 20% higher than that of winter males with low between-male variation within each generation (CV: 6.02-6.72%, figure 1 ). In fact, the call differences are so striking that seasonal generations of N. triops were originally considered as separate species ( Walker 1964; Whitesell 1974 ).
Here we investigate the consequences of the plasticity of male calls for the communication system of N. triops. Females were raised under environmental conditions that induce different call phenotypes. We tested female preferences of both generations for the call parameters that differ between summer and winter generations. Female preferences did not differ between generations; that is, they did not exhibit developmental plasticity that parallels the plasticity of male calls. Rather, male call plasticity enables communication in seasonally variable environments.
MATERIAL AND METHODS
(a) Natural history of N. triops The distribution of N. triops ranges from the tropics in South America to the temperate regions of North America. In North America, two distinct reproductive generations occur per year. One generation reproduces during the summer and the other generation reproduces in late winter/early spring ( Whitesell & Walker 1978) . The two generations do not form distinct gene pools, as each generation largely comprises the offspring of the previous generation ( Whitesell 1974) . The offspring of the summer generation diapause as adults during the coldest months of the year before they reproduce in the late winter. Offspring of the winter generation mature without diapause and reproduce in the following summer. Males of these populations express the call plasticity described above. In the tropics, reproductively active individuals of N. triops can be found all year round. Males of these populations express only the summer call ( Whitesell 1974; Greenfield 1990 ).
(b) Rearing of animals Adult N. triops were collected in Gainesville, FL, in winter and summer of 2004 and brought to the laboratory at the University of Missouri for egg collection. Males and females were housed on grass that was used by females for oviposition. We collected eggs from the grass and stored them in Petri dishes on moist filter paper. We sprayed the eggs with 0.5% methylparaben solution to inhibit the growth of fungi. Eggs were kept in the dark at 20-308C until eclosion.
All insects were raised on potted wheat seedlings and fed with puppy chow (Purina, MO), rolled oats and apples. Cages were kept in incubators at 50-70% RH, with daily temperature and light cycles. The high temperature was maintained from 1 hour after lights came on until 1 hour before dark, during which the temperature was reduced. The specific temperature and light cycles are given below.
The phenotypic variability of male calls in N. triops is induced by the photoperiod experienced during juvenile development ( Whitesell 1974; Whitesell & Walker 1978) . A 15 L : 9 D cycle results in summer calls (discontinuous calls, fast double-pulse rate), whereas 11 L : 13 D cycle results in continuous winter calls with slow double-pulse rate ( Whitesell & Walker 1978) .
After eclosion, we assigned first-instar nymphs randomly to summer or winter rearing conditions ( Whitesell 1974) . Under summer conditions, animals were reared to adulthood with 15 L : 9 D cycle and high/low temperatures of 30/208C. We refer to these animals as 'summer generation' or 'summer animals'. Male calls were recorded two to three weeks after the final moult. Females were tested in phonotaxis experiments starting three to four weeks after the final moult. Some summer females used in phonotaxis experiments were not raised from eggs, but collected as nymphs in the field and raised to adulthood in the conditions described above. We could not detect any difference in preferences between the females raised from eggs and those collected as nymphs.
Under winter conditions, animals were reared to adulthood at 11 L : 13 D cycle and high/low temperatures of 23/178C. Two to three weeks after adult moult, we transferred the animals to a cycle of 9.5 L : 14.5 D and temperatures of 18/128C to secure diapause. After 3.5-5 months in diapause, insects were transferred to 13 L : 11 D cycle and high/low temperatures of 26/188C in order to terminate diapause. We refer to these animals as 'winter generation' or 'winter animals'. Male calls were recorded one to three weeks after the termination of diapause. Females were tested in phonotaxis experiments starting three to four weeks after the end of diapause. The photoperiods and temperatures used in this study correspond approximately to the natural conditions that each generation experiences in Gainesville, FL (www.wunderground.com) .
We recorded calls of males raised under both summer and winter conditions (for details of call recording and analysis see Schul & Patterson 2003) . Calls of the summer generation were structured in verses, whereas winter males produced continuous calls; Whitesell & Walker (1978) reported the same pattern for summer and winter calls. Calls of reared summer males had a significantly higher double-pulse rate (meanGs.d. at 258C: 104.3G6.3 Hz, nZ25) than that of reared winter males (79.1G5.3, nZ15; t-test, p!0.001; see figure 1 ). Whitesell & Walker (1978) reported double-pulse rates at 258C in the range of 103-112 and 78-88 Hz for summer and winter calls, respectively. Thus, our rearing conditions reliably resulted in the call phenotypes found in summer and winter animals.
(c) Female phonotaxis tests We tested female phonotaxis using a walking compensator (Kramer-Kugel; Weber et al. 1981 ) in a temperature-regulated anechoic chamber at ambient temperatures of 20G1 and 25G18C. In short, females were placed on top of a sphere, free to walk but kept in place by compensatory sphere rotations, while acoustic signals were presented from loudspeakers located in the animal's horizontal plane. The intended direction and speed of the animal were read from the control circuitry. All experiments were performed in the dark except for the infrared light used to monitor the insects' position (for details see Weber et al. 1981; Schul 1998) . Females were tested for as long as six weeks; we did not detect any change in preference during this period.
(d) Stimulation
We generated synthetic signals using a custom-developed DA-converter/amplifier system with 250 kHz sampling rate and 16-bit resolution. We delivered the stimuli using one of two loudspeakers (Motorola KSN1218C) mounted at a distance of 150 cm in the horizontal plane of the animal and separated by an angle of 1058. Signal amplitude was set to 80G1 dB peak SPL (reference pressure 20!10 K5 Pa) using a Bruel and Kjaer sound level meter (B&K 2231) and a 1/4 00 condenser microphone (G.R.A.S. 40BF) that was positioned 1 cm above the sphere.
Most of the energy in the calls of N. triops is concentrated in a low-frequency band centred around 11 kHz, and frequency components in the ultrasound are at least 20 dB less intense than the low-frequency band. We used a pure tone of 11 kHz as a carrier signal to which we subsequently applied amplitude modulations (AMs).
We based temporal parameters of our stimuli on our analysis of calls from natural populations. The control stimulus of the 258C experiments consisted of a train of paired pulses of 2 and 2.75 ms duration with an interval of 1.75 ms in between. These double pulses were repeated after an interval of 2.5 ms, resulting in a double-pulse rate of 111 Hz. For the control stimulus in 208C experiments, we used pulse durations of 3 and 3.2 ms and interval durations of 2.8 and 4.4 ms, resulting in a double-pulse rate of 75 Hz. The amplitude of the first pulse of the pair was 50% of that of the second pulse in both control stimuli. In experiments with summer animals, the control stimulus was structured in verses with durations of 950 ms separated by silent intervals of 50 ms. In experiments with winter animals, the control stimulus was continuous. For both winter and summer females, responses to the control stimulus did not differ significantly in response strength from responses to the natural calls.
We determined in preliminary tests the relevant call parameters for this study (data shown in the electronic supplementary material). We found that female N. triops did not require the elaborate double-pulse structure of the male call: stimuli with the double pulse replaced by one long pulse of the duration of the double pulse (merged pulses) were as attractive as stimuli with the double-pulse pattern (see Schul (1998) and Deily & Schul (2004) for similar results in other katydid species). This result indicates that the relevant AM of N. triops calls is the rate at which double pulses are repeated. In the tests presented in this study, we therefore use such merged pulses (equivalent to double pulses in natural calls). We refer to the rate of these merged pulses and to the equivalent double-pulse rate in natural calls as AM rate.
In the first set of tests, we determined female preference for call structure (figure 2). We used stimuli (AM rate of 110 Hz) that were either continuous (winter call structure) or structured in verses with durations of 950 ms and intervals of 50 ms (summer call structure). We compared the responses of summer and winter generations at an ambient temperature of 258C.
The second set of tests examined female preference for AM rate (figure 3) at two ambient temperatures (20 and 258C). All stimuli had a duty cycle of 72% (duty cycleZpulse duration/pulse period). AM rates were varied between 55 and 160 Hz. In preliminary experiments we confirmed that AM rate rather than pulse duration or interval duration was the (e) Experimental protocol Each stimulus tested in this study was presented for 60-90 s from each of two different loudspeaker positions. The first stimulus of each test series was the control stimulus, followed by two to three test stimuli, another control, etc. A period of 60 s of silence was given between stimuli. The experimental series lasted between 30 and 60 min and consisted of up to six test stimuli (plus up to four controls). We randomly varied the sequence of stimuli within a series among individual females (for a detailed description of the experimental protocol, see Schul 1998; Bush et al. 2002) .
(f ) Data analysis We quantified female response to a given stimulus by calculating a phonotaxis score (Schul 1998) . The phonotaxis score included three measures describing the relative strength of phonotaxis: (i) the walking speed relative to that during the control stimulus, describing the elicited locomotion activity, (ii) the vector length, describing the accuracy of orientation, and (iii) the angular orientation relative to that during the control stimulus. The score can range from approximately C1 to K1 representing perfect positive or negative phonotaxis, respectively. Phonotaxis scores close to 0 indicate random orientation or no response (for details see Schul 1998 ).
In the first experiment, we compared female responses to continuous and versed calls (figure 2) using Wilcoxon signed-rank tests (Zar 1984) . To compare female preference for AM rate between summer and winter generations in the second experiment (figure 3), we plotted phonotaxis scores as a function of AM rate. These response functions were smoothed by calculating a gliding average through three values and then normalizing. We determined upper and lower cut-off rates by fitting a parabolic function ( yZcKax!(xKb) 2 ) to each individual's response function by minimizing the sum of squared errors. Upper and lower cut-off rates were defined as the AM rate where the fitted function fell below 70%. We compared the upper and lower cut-offs between generations at the same temperature using Mann-Whitney U-tests (Zar 1984) . The application of cutoff frequencies in our study is only meant to emphasize the relative attractiveness of stimuli and do not classify stimuli as 'recognized' or 'not recognized' (for a detailed discussion, see Bush et al. 2002) . Unless otherwise stated, data are given as meanGs.e. of the mean (s.e.m.).
RESULTS
First, we tested the preferences of summer and winter females for the call structure (figure 2). For this parameter, we could not detect differences in female preference between summer and winter generations. In both generations, responses were high to the continuous call model (winter call) and to the call model with verse structure (summer call). Continuous calls elicited slightly higher scores than did the versed calls (summer females: 0.95G0.04 versus 0.84G0.03, meanGs.e.m., nZ11; winter females: 0.94G0.05 and 0.84G0.05, nZ10). These differences were marginally significant for both generations (Wilcoxon signed-rank test, 0.1RpO0.05).
In the second set of experiments, we compared the preference function for AM rate between summer and winter females at two ambient temperatures (20 and 258C). At 208C, phonotaxis scores of both generations were the highest for AM-rates of approximately 75 Hz, and decreased towards higher and lower AM rates ( figure 3a,b) . The lower and upper cut-off frequencies did not differ significantly between the summer and winter generations (lower cut-off: summer 67.4G1.09 Hz, winter 64.7G0.47 Hz; upper cut-off: summer 88.9G1.23 Hz, winter 86.4G1.65 Hz; nZ11 (summer) or 7 (winter); Mann-Whitney U-test, all tests pO0.05).
At 258C, females of both generations responded strongest to AM rates close to 105 Hz; higher and lower AM rates elicited weaker responses ( figure 3a,b) . Lower and upper cut-off frequencies did not differ significantly between generations (lower cut-off: summer 95.4G1.45 Hz, winter 89.6G3.01 Hz; upper cut-off: summer 121.3G 1.96 Hz, winter 116.7G1.96 Hz; nZ10 (summer) or 9 (winter); Mann-Whitney U-test, all tests pO0.05). Thus, we could not detect any differences between the two generations in their preference for AM rates.
Comparing female preferences for AM rate with that of male calls demonstrates distinct mismatches at some temperatures. At 208C, preference of both summer and winter females was tuned to the AM rate of the winter calls at this temperature. However, the model of the summer call at 208C evoked only weak responses (phonotaxis score!0.5; figure 3) in females of either generation. Conversely, at 258C preference of both summer and winter females was tuned to the AM rate of the summer call, while the AM rate of the winter call at the same temperature was much less attractive (phonotaxis score!0.4; figure 3 ). Thus, male calls and female preference were well matched only at temperatures corresponding to the season when each generation calls: at 258C only the summer call was attractive, while at 208C only the winter call elicited strong responses.
DISCUSSION
The calls of the summer and winter generations of N. triops differ in two temporal aspects. First, summer calls are structured in verses while winter calls are continuous (figure 1). Second, summer calls have a substantially higher AM rate than winter calls at equal temperatures. By contrast, there were no differences in female preference between summer and winter generations: females of both generations responded readily to calls with and without verse structure (figure 2) and we could not detect differences in their tuning for AM rate ( figure 3) .
The presence or absence of a verse structure in the calls had little influence on their attractiveness: both the models were highly attractive to females of both generations (figure 2). Thus, this call characteristic is most likely not relevant for the attraction of females. A potential function of the verse pattern of the summer calls could be to provide males with silent windows during which they can detect the calls of other signallers (Greenfield 1990 ). The selective disadvantage of the absence of such a detection window in winter calls is likely to be small, because population densities are lower during the winter, and no calling congeners are present ( Whitesell 1974) .
In several cricket species, pulse rate of male calls was influenced by the temperature during development. The pulse rates of males raised at lower temperatures were 5-10% lower when recorded at the same temperature (e.g. Walker 2000; Grace & Shaw 2004) . In one species (Laupala cerasina), female preferences changed according to the temperature during development. Females raised at low temperatures preferred lower rates than those raised at higher temperatures (Grace & Shaw 2004) . By contrast, alternative call phenotypes in N. triops were induced by the photoperiod during development and not the temperature ( Whitesell 1974) . Also, in N. triops, developmental plasticity was limited to male calls, while female preferences were not affected by the photoperiod or temperature during development.
In N. triops, the developmental plasticity of AM rates results in a match between the calls of the summer males and female preference at high temperatures, and between the calls of winter males and female preference at low temperatures. Therefore, we argue that developmental plasticity of AM rates is most likely a mechanism to match the temperature dependencies of calls and female preferences at substantially different temperature ranges.
Female preference for AM rates changed with temperature, as is expected for poikilothermic animals (Randall et al. 1997) ; an increase in ambient temperature of 108C results in approximately a doubling of the most attractive AM rate (figure 4). The temperature dependency of the AM rate of male calls, however, is considerably less steep than that of female preferences (figure 4). Owing to the exceptionally fast AM rates in Neoconocephalus (Greenfield 1990) , muscular activity during calling produces considerable amounts of heat, elevating thorax temperature by up to 158C above ambient temperature (Heath & Josephson 1970; Josephson 1984) . The increase in thoracic temperature is larger for lower ambient temperatures, so that thorax temperature during calling is almost constant (Heath & Josephson 1970) , resulting in only a weak dependence of male AM rates on ambient temperature ( Walker 1975) .
Because male calls and female preferences differ in their temperature dependency, male AM rates and female preferences are matched only in a narrow temperature range in N. triops. For populations in the tropics, which express only the summer call (Greenfield 1990) , this narrow temperature range appears sufficient, as ambient temperatures fluctuate little throughout the year. Moreover, because N. triops calls after sunset, the influence of radiant heat is negligible.
Temperate populations of N. triops that encounter distinct seasons overwinter as adults. Their eggs develop directly without diapause ( Whitesell 1974) , allowing for two distinct generations per year, one reproducing in the summer and the other in late winter/early spring. Since summer and winter generations experience different ambient temperatures, the narrow range of temperature matching between calls and call preference seems to be insufficient: summer calls were attractive only at temperatures typical for their season (approx. 25-288C; figure 4); at temperatures encountered during late winter and early spring (approx. 16-208C; figure 4), females responded only weakly to summer calls. Conversely, winter calls were only attractive at low, but not high temperatures. The developmental plasticity of the mating call solves this problem by allowing two narrow ranges of temperature matching, one optimized for summer temperatures and the other for winter temperatures (figure 4).
Whether call plasticity in N. triops originated in a temperate or tropical population remains unclear. Call plasticity could have evolved as an adaptation to the seasonal temperatures encountered by populations in North America. Alternatively, call plasticity could have been a latent trait shared among all populations but only induced in those that live in a suitable environment. In either case, call plasticity most likely explains today's ecological success of N. triops. This species has the most extensive distribution range of any Neoconocephalus species (Walker & Greenfield 1983) and is the only member of the genus to inhabit both tropical and temperate regions (Greenfield 1990 ). All other species are confined to one region or the other. Developmental plasticity of the male calls enables N. triops to communicate over a wide range of temperatures. Male call plasticity seems to represent an adaptation of the communication system to the environmental variability encountered by N. triops in temperate regions and probably facilitated the spread into new habitats. , and female preference for AM rates (light grey area). Temperature dependency of preference for AM rate based on upper and lower cut-off frequencies (at 20 and 258C) from pooled data of summer and winter females. The preference for AM rate below 208C and above 258C (dark grey areas) was extrapolated from our data assuming a linear relationship between temperature and preference. Hatched vertical bars indicate approximate temperature ranges at sunset between February and midMarch (left bar, winter), and between July and mid-August (right bar, summer) in Gainesville, FL (from www.wunderground.com). Call data from Whitesell & Walker (1978) .
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